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A dynamic electrical pitting tester has been developed to investigate the effects of supply voltage, supply 
current, and oil film thickness on the electrical behavior, the normal and frictional forces, and the formation 
mechanism of electric damage for the sliding lubricated contacts of steel pair under DC electric field. Based 
on the experimental results for the normal and frictional forces, and the observations of the pitted surface, 
the process by which electrical damage occurs on the sliding lubricated surfaces is deduced. In this process, 
the molten metals are attracted to each other, leading to the formation of a molten metal column, which 
becomes a semisolid metal column due to the cooling action of the oil film. The normal force is significantly 
affected by this semisolid column, which grows and pushes against the lubricated contacts. Results also 
show that the frictional force primarily comes from the electrostriction force. The correlation formula for 
the damage width in terms of supply voltage, supply current, and oil film thickness is derived, but the 
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supply current is the most important parameter affecting the width of the electric damage. 


© 2008 Elsevier B.V. All rights reserved. 


1. Introduction 


Voltage differences between the shaft and bearing housing 
exist in rotary machines such as motors and generators due to 
the asymmetric effects of the magnetic fields, magnetized shaft, 
and electrostatic effects, etc. [1-4]. Understanding of the electri- 
cal breakdown of the oil film between the bearings is important in 
grasping the reasons for the failure of moving parts. The electric 
current passing through the film gap can cause the bearing fail- 
ure, deterioration, contamination, and aging of lubricant. The shaft 
current may cause the development of corrugation on the bearing 
surface, considerably accelerating the mechanical wear. Its effect 
on the deterioration of lubricant has also been studied [5,6]. 

To investigate the formation mechanism of the electric pit- 
ting, the authors [7-9] developed a high-precision static pitting 
tester. Following the authors’ previous experimental results, pit- 
ting regimes, consisting of pitting and no-pitting regimes, were 
established in terms of the supply voltage, the oil film thickness, 
and additive concentration. Based on the force measurements, the 
contact behavior of pitting surface with the growth mechanism 
of molten metal has been proposed. However, these papers only 
describe the static case. The effect of dynamic conditions on the 
pitting behavior is important and should be considered. 
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In this study, a dynamic electrical pitting tester with SEM has 
been developed to investigate the effects of supply voltage, supply 
current, and oil film thickness on the electrical behavior, the normal 
and frictional forces, and the formation mechanism of electrical 
damage on the lubricated contacts for steel pair at a sliding speed 
of 1 m/s under a DC electric field. 


2. Experimental apparatus and procedures 


A dynamic electric pitting tester is designed to evaluate the 
mechanism of formation of electrical pitting on the sliding lubri- 
cated surface of steel pair under different oil film thicknesses, as 
shown in Fig. 1(a). The equivalent circuit for the present experiment 
is shown in Fig. 1(b). In this tester, four non-rotating spindle type 
micrometer heads are employed. In each micrometer head, one rev- 
olution of the thimble moves the spindle at a distance of 0.5 mm. 
In order to adjust the film thickness at graduations of 0.025 um, 
a 50:1 worm gear reducer is employed to drive each micrometer 
head. A stepping motor with the resolution of 0.9°/step drives the 
worm. Each stepping motor is controlled by a personal computer. A 
small ball specimen inserted in the jig is held in holder. This holder 
is attached at the spindle of the first micrometer head. Hence, it 
can be moved horizontally. To eliminate the effect of the back- 
lash of micrometer head on the precision of the micro-movement 
of the ball specimen, a second micrometer head is used to mea- 
sure the micro-movement of the ball specimen through a reference 
plate attached to the spindle of the first micrometer head. Also, a 
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Fig. 1. (a) Schematic diagram of the dynamic electrical pitting tester, (b) the equivalent circuit diagram of present experiment and (c) the size and shape of the ball and plate 


specimens. 


cartridge head probe that is an electric comparator with a gradua- 
tion of 0.1 um is attached at the spindle of the second micrometer 
head. Hence, the micro-movement of the ball specimen can achieve 
sub-micron precision using this electric comparator. 

To understand the normal force between the ball and plate spec- 
imens, the first and second micrometer heads are attached to the 
frame mounted on the first roller slide, which is connected to the 
first load cell to measure the normal force between the specimens. 
The first load cell consists of strain-gage type connecting with 
piezoelectric type load cells. The strain-gage type load cell is used 
to measure the static force, while the piezoelectric type load cell 
is used to measure the dynamic force. To render the micro-motion 
of the plate specimen along the vertical direction, the plate speci- 
men is attached to the frame mounted on second roller slide, which 
is connected with the third micrometer head through the second 
strain-gage type load cell. A stepping motor through a 50:1 worm 


gear reducer drives the third micrometer head. The second strain- 
gage type load cell is used to measure the friction force between the 
specimens during the micro-motion of the plate specimen. To ren- 
der the micro-motion of the plate specimen orthogonal to the ball 
specimen, the mechanism shown on the left side of Fig. 1 is used 
to adjust their positions. In this mechanism, the third roller slide is 
connected to the fourth micrometer head, and the thimble of the 
micrometer head can be rotated by hand to adjust the position of 
the specimens to ensure that they are orthogonal. 

The ball and plate specimens are immersed in an oil tank made 
of plastic. Mineral paraffin base oil (26.59 cSt at 40°C, 4.76 cSt at 
100 °C) is used in the oil tank. The oil temperature was maintained 
at 25+ 3°C. In this temperature, the resistivity of the base oil is, 
1.5 x 1014 Q cm, enabling them to constitute an electric circuit. 

The specimens of ball and plate are made of commercial bearing 
steel (SUJ2) and medium carbon steel (S50C), respectively. The size 
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and shape of the test specimens are the identical to those used in the 
previous paper [8] and shown in Fig. 1(c). The arithmetic average 
roughness for the ball and the plate surfaces are about 0.01 and 
0.02 um, respectively. The flatness for the plate is 1 ym/20 mm. 

When the oil film thickness has been adjusted to a given value, 
the supply voltage is preset from 1 to 100 V through a DC power 
supply, and the supply current between the ball and plate spec- 
imens can be adjusted from 1 to 8A through a variable resistor. 
The electrical field is applied between the specimens for a period 
of 30s. The strain-gage and piezoelectric load cells simultaneously 
measure the normal force between the specimens. The variations of 
interface voltage, Va, current, la, and normal and frictional forces can 
be measured on the data acquisition system and fed into a personal 
computer for data analysis. A digital oscilloscope is also employed 
to observe the variations of interface voltage, current, and force. The 
interface impedance R; is calculated from Ohm’s law (Ra = Va/Ia). An 
optical microscope or the scanning electronic microscope (SEM) 
can be used to observe the electrical pitting mechanism. 


3. Experimental results and discussion 


3.1. Interface force and electrical damage on lubricated surface 
under static condition 


Since the electrical pitting behavior of the lubricated surface 
under the sliding conditions is extremely complex, it is necessary 
to understand the discharge behavior under static conditions. Using 
the experimental apparatus shown in Fig. 1, this static condition can 
be easily obtained by setting the speed of zero for the plate spec- 
imen. The normal force between the ball and the plate specimens 
can be measured by using the first load cell of the strain-gage type. 
The typical result for the interface force is shown in Fig. 2 ata supply 
voltage of 100 V and a supply current of 8 A with an oil film thickness 
of 5 um. To more easily explain the relationship between the inter- 
face and the electrical damage, the electricity process is divided into 
switch on (30s) and off. Fig. 2 shows that the normal force signif- 
icantly increases and the interface impedance gradually decreases 
during the switch on process. However, when the power is switched 
off, the normal force decreases quickly to zero, and the interface 
impedance decreases quickly to 0.03 Q. Although the specimens 
are separated by an oil film thickness of 5 um, the repulsive force 
generated between the lubricated surfaces is a very curious phe- 
nomenon. On one hand, the instantaneously normal force between 
the lubricated surfaces can be measured by the piezoelectric load 
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Fig. 2. The variations of normal force and impedance at supply voltage of 100V, 
supply current of 8 A, and oil film thickness of 5 wm. 


cell, and is represented by the inset in Fig. 2. This inset shows that a 
repulsive force is generated within 0.7 us after the electricity pro- 
cess, then switches to an attractive force from 0.7 to 1.5 ws, and 
finally to a repulsive force after 1.5 us. 

To clarify the variation in the normal force between the lubri- 
cated surfaces, it is necessary to observe the pitted surface. Fig. 3 
shows the backscattered electron images (BEI) of the pitted sur- 
faces on the ball and plate under the same experimental conditions 
as Fig. 2. It is seen from Fig. 3 that there exists the plateaus like a 
ridge on both pitted surfaces, and there are small protrusion and 
concave crater around the plateaus. 

Based on the results of Figs. 2 and 3, the mechanism of by which 
electrical damage forms on the lubricated surface under static con- 
ditions appears to be as follows: First, the electrons are emitted 
from the cathode to the anode at the smallest gap between the 
specimens due to the action of the electric field. During the process, 
the electrons continuously bombard the oil molecules to produce 
an avalanche phenomenon due to the chain reaction of the elec- 


Fig. 3. SEM micrographs of pitted surfaces on (a) the steel ball and (b) the plate at supply voltage of 100 V, supply current of 8 A, and oil film thickness of 5 wm. 
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trons and the ions, leading to the electrical breakdown of the oil 
film and causing an arcing effect. At that moment, high density 
electron flow strikes the surface of the plate specimen, generating 
a transient high temperature of a few thousand degrees centigrade. 
Hence, the surfaces of both specimens are melted and vaporized, 
and the oil is vaporized so that a repulsive force can be detected 
within the first 0.7 us (step I). This arcing effect causes the con- 
cave crater with a protrusion around the crater. This protrusion 
promotes the decrease of the oil film thickness, triggering the for- 
mation of a strong electric field. Under the action of the strong 
electric field, the molten metals on the surfaces of both specimens 
are attracted to each other, creating a column of molten metal. Due 
to the cooling action of the lubricant, this molten metal column is 
transformed into a semisolid metal column. When this semisolid 
column is formed at the gap between the surfaces, the arcing effect 
disappears. The attractive behavior that results in the formation of 
the semisolid column occurs during the period from 0.7 to 1.5 us 
(step II). Under the action of the strong electric field, the semisolid 
column gradually grows, changing to the normal force from an 
attractive force to a repulsive one. The growth of the semisolid col- 
umn takes place over the remaining period of time, from 1.5 ws to 
30s (step III). During the growth process of the semisolid column, 
the interface impedance gradually decreases. When the power is 
switched off, the semisolid column quickly solidifies so that the 
normal force rapidly decreases to zero, but the interface impedance 
rapidly decreases to a constant value of 0.03 Q. In fact, the ridge-like 
plateau that occurs on both pitted surfaces is the semisolid column. 
It has this appearance because it was broken into two pieces after 
the test in order to observe the pitted surface. 

Based on the results of the normal force, interface impedance, 
and surface observations, the processes by which electrical damage 
occurs on the lubricated surfaces under static conditions is inferred, 
as shown in Fig. 4. In this figure, step I indicates that a concave 
crater with a protrusion around the crater is formed at the surfaces 
of the ball and plate. At this moment, the semisolid metals are also 
formed, due to the cooling action of the lubricant. Step II shows that 
the semisolid metals are attracted to each other due to the action 
of the electric field, leading to a closer gap between the semisolid 
metals. Under the action of electric field, a semisolid metal column 
is formed, growing to produce a large repulsive force between the 
specimens, as shown in step III. When the power has been switched 
off, the semisolid column quickly solidifies to form the ridge-like 
protrusion, as shown in step IV. Since the semisolid column serves 
as the bridge between the two specimens, the interface impedance 
remains at a constant value of 0.03 Q. 


3.2. Electric behavior, acting forces, and electrical damage to the 
sliding lubricated surfaces 


Based on the discharge experimental results of the lubricated 
surfaces under the static conditions mentioned above, the duration 
of the arc discharge that produces the semisolid metal column is in 
the order of us, creating to a repulsive force between the specimens. 
This result is helpful in investigating the arc discharge behavior of 
the sliding lubricated surface at a certain sliding speed. 

Using the dynamic electric pitting tester shown in Fig. 1, the 
interface voltage and impedance are measured at a sliding speed 
of 1 m/s for the plate specimen under different supply voltages, 
supply currents, and oil film thicknesses. The normal and frictional 
forces are measured by using the first and second load cells of the 
strain-gage type, respectively. The ratio of frictional force to normal 
force is the friction coefficient. Typical results for the interface volt- 
age, interface impedance, the normal and frictional forces, and the 
friction coefficient at a supply voltage of 100 V, a supply current of 
8A, a film thickness of 5 ym, and a discharge time of 30s are shown 
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Fig. 4. The formation processes of static electrical damage. 


in Fig. 5. The pitted surface of the plate specimen is also included 
in this figure, in order to investigate the relationship between the 
discharge behavior and the electrical damage. 

Fig. 5 shows that the interface voltage and impedance grad- 
ually decrease with time, but the normal and frictional forces 
quickly increase and then gradually increase. At this moment, 
the friction coefficient gradually decreases to a certain value. To 
explain the phenomenon of the pitted surface, it is necessary to 
use the variations of the curves shown in this figure and the 
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Fig. 5. (a) Relationships among interface voltage (Va), impedance (Ra), normal force (Fn), and friction force (Fs) and sliding time, and (b) SEM micrograph of pitted surfaces 
on the plate at supply voltage of 100 V, supply current of 8 A, and oil film thickness of 5 wm. 


results discussed in Section 3.1. Before the test, since there is 
an oil film in the gap between the ball and plate, the interface 
impedance should be infinite, or it is insulating. When the power 
is switched on, the semisolid metal column is formed instanta- 
neously (in ws), and grows to produce a repulsive force between 
the specimens. Consequently, the normal force increases with 
time. 

When the plate specimen is sliding, the semisolid metal column 
is sheared. Moreover, within the electric field, there is an elec- 
trostriction force, to be discussed later. Hence, the frictional force is 
composed of shear and electrostriction forces. When the semisolid 
metal column is subjected to a sliding friction, a crack emerges 
at the boundary between the semisolid metal and the solid metal 
outside the discharge zone. This indicates that when the semisolid 
metal column is subjected to the non-uniform cooling of the lubri- 
cant, it is sheared at the higher temperature region. This sheared 
semisolid metal column is transferred to the ball surface, which 
causes damage to the surface of the plate specimen during the slid- 


ing process. Hence, the surface of the plate exhibits small scratches 
and cracks. 

During the discharge and sliding process, the semisolid metal 
column gradually accumulates at the gap between the specimens, 
causing an increase in the normal and frictional forces. At the 
moment when the power is switched off, since the semisolid metal 
column near the plate specimen is slowly cooling, a break inside 
the metal column due to the solidification shrinkage is generally 
found near the plate surface, where it forms a small dimple. Hence, 
most of the metal column transfers to the ball surface. Since the 
metal column has been completely solidified and contracted after 
the power is switched off, only a small scratch can be observed 
on the surface of the plate specimen. Similar results can also be 
observed at a supply voltage of 15 V, a supply current of 5A, a film 
thickness of 0.2 um, and a discharge time of 30s, as shown in Fig. 6. 
The main difference between Figs. 5 and 6 is the damage width. 
Since the supply voltage and current is smaller in Fig. 6, the damage 
width is also smaller. 
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Fig. 6. SEM micrographs of pitted surfaces on (a) the plate and (b) the ball at supply voltage of 15 V, supply current of 5 A, and oil film thickness of 0.2 um. 


Based on the results of the normal force, frictional force, inter- at the boundary between the semisolid metal and the solid metal 
face impedance, and surface observations, the process of formation on the plate surface. However, since the plates are moving instead 
of electrical damage to the sliding lubricated surface is inferred, as of the static, the semisolid metal column is sheared at the higher 
shown in Fig. 7. In this figure, steps I to step III resemble the behav- temperature region or the weaker region (the dashed line in this fig- 


ior of the system under static conditions. Step IV indicates the crack ure). Step V represents the growth of the semisolid column. When 
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Fig. 7. The formation processes of dynamic electrical damage. 
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Fig. 8. The effects of supply current (I), supply voltage (Vs), and oil film thickness 
(h) on the interface voltage (V,) and impedance (Ra). 


the power has been switched off, step VI indicates that the solid- 
ified semisolid column adheres to the ball surface to form a small 
dimple on the plate surface. 


3.3. Relationship between damage width and interface power 


Fig. 5 shows that with increasing discharge and sliding times, 
although the normal and frictional forces increase, the damage 
width of the surface remains constant. Given this, it is clear that the 
formation of electrical damage results from the interface electrical 
characteristics. Hence, it is necessary to investigate their relation- 
ships. As the damage width remains constant with increasing time, 
only steady-state data need be employed. The interface voltage 
and impedance, along with the damage width, are depicted in 
Figs. 8 and 9 under different electricity conditions. 

Figs. 8 and 9 make clear that at a given supply voltage and the 
film thickness, with increasing supply current, the interface volt- 
age and the damage width increase, and the interface impedance 
decreases. Furthermore, for a given supply current and the film 
thickness, the interface voltage, impedance, and the damage width 
increase slightly with increasing supply voltage. For a given sup- 
ply voltage and current, the interface voltage, impedance, and the 
damage width increase with increasing oil film thickness. Among 
these parameters, it is obvious that the supply current is the most 
important parameter affecting the interface voltage, impedance, 
and the damage width, followed by the oil film thickness, and the 
supply voltage. This result is the same as that obtained under static 
conditions [7]. 

The interface power is thus the main cause of electrical damage. 
It can be calculated by V2/R,. Using this definition, the interface 
power for Figs. 8 and 9 was calculated and displayed in Fig. 10, 
where the relationship between the damage width W, (in unit of 
p.m) and the interface power Pa (in W), can be expressed as 


Wa = 6.385 P0952 (1) 


This indicates that the higher the interface power, the greater 
the electrical damage. Using the data shown in Figs. 8 and 9 under 
different operating parameters, the correlation equation derived by 
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Fig. 9. The effects of supply current (I), supply voltage (Vs), and oil film thickness 
(h) on the electrical damage width (Wa). 


the least-square method for the damage width in terms of supply 
voltage V; (in V), supply current IJ; (in A), and oil film thickness h 
(in zm), is given as 

Wg = 3.138h9-983 9.042 70.777. R2 = 0.962 (2) 


where RÈ is the coefficient of determination (a number between 
0 and 1). The higher the value of R2, the more successful it is. Eq. 
(2) shows that the major factor in electrical damage width is the 
current. This equation is useful in predicting the oil film thickness 
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Fig. 10. The effect of interface power (P,) on the damage width (Wa). 
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Fig. 11. The effects of supply current (I), supply voltage (Vs), and oil film thickness 
(h) on the normal force (Fn) and friction force (Fp). 


or the lubricating conditions by observing the magnitude of the 
damage width. 


3.4. Normal and friction forces with friction coefficient under 
different operating conditions 


As mentioned above, the normal and frictional forces with the 


friction coefficient in quasi-steady-state conditions are illustrated 
in Figs. 11 and 12 under different electricity conditions. It is seen 
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Fig. 12. The effects of supply current (J; ), supply voltage (Vs), and oil film thickness 
(h) on the friction coefficient (jz). 


from Figs. 11 and 12 that for a given supply voltage and film thick- 
ness, with increasing supply current, the normal and frictional 
forces significantly increase, and the friction coefficient increases 
slowly. Furthermore, at a given supply voltage and current, the nor- 
mal and frictional forces and the friction coefficient slowly increase 
with increasing oil film thickness. For a given supply current and 
film thickness, the effect of supply voltage on the normal and 
friction forces with its friction coefficient appears to be random 
without an obvious rule. It is also clear that the supply current is 
the main parameter affecting the normal force and the frictional 
force with its friction coefficient. 

According to the electrical forces on the macroscopic media [10], 
when the region between the electrodes is filled by a layer of a 
dielectric having permittivity and film thickness, unpaired charges 
of opposite polarity are induced on the electrode surfaces. When 
the upper one is fixed and the lower one is free to move, a force 
of electrical origin acts on the lower electrode in the direction of 
movement. This force is called the electrostriction force. 

In this study, with the application of a voltage, unpaired charges 
of opposite polarity are induced on the electrode surfaces, causing 
the molten metals to attract each other, leading to the formation of a 
molten metal column. Under the action of the strong electric field, 
the semisolid metal column gradually grows, causing the normal 
force to switch from attractive to repulsive. The semisolid metal col- 
umn is then sheared off during the sliding process. The shear force 
for the semisolid metal should be much less than that of the solid 
metal, but the average value of the friction coefficient reaches 0.4, 
which only appears in dry and severe wear process. This indicates 
that the frictional force primarily comes from the electrostriction 
force. 


4. Conclusions 


In this study, a dynamic electrical pitting tester and SEM are 
employed to investigate the effects of supply voltage, supply cur- 
rent, and oil film thickness on the electrical behavior, the acting 
forces, and the formation mechanism of electrical damage for the 
sliding lubricated contacts of steel pair under DC electric field. The 
main results are outlined below. 


1. With the application ofa voltage, since unpaired charges of oppo- 
site polarity are induced on the specimen surfaces, the molten 
metals are attracted to each other, leading to the formation of 
a molten metal column, which becomes a semisolid metal col- 
umn due to the cooling action of the lubricant. The normal force 
is significantly affected by this semisolid metal column, which 
grows and pushes against the lubricated contacts. Finally, our 
findings imply that the frictional force primarily comes from the 
electrostriction force. 

2. Based on the experimental results for the normal and frictional 
forces, and the observations of the pitted surface, the process by 
which electrical damage occurs on the sliding lubricated surface 
is deduced. 

3. The correlation formula for the damage width in terms of supply 
voltage, supply current, and oil film thickness is derived, but the 
supply current is the most important parameter affecting the 
width of the electric damage, followed by the oil film thickness, 
and the supply voltage. 
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